We examined the role of trans-octadecenoic acids in milk fat depression when low fiber diets were fed. The study consisted of four experimental periods with a 2 × 2 factorial arrangement of treatments to test the effects of dietary fat (saturated vs. unsaturated) and rumen fermentation (high fiber diets vs. low fiber diets) on milk fat depression. Dietary fiber concentration and type of fat had significant effects on milk fat. Effects were most pronounced when unsaturated fat was added to the low fiber diet. When the low fiber diet plus unsaturated fat was fed, milk fat percentage and yield were decreased by 30 and 35%, respectively, compared with the percentage and yield when the high fiber diet plus saturated fat was fed. Alterations in rumen fermentation caused by differences in dietary fiber concentrations had little effect on the amount of trans-octadecenoic acids in milk fat, and the total amount did not correlate with changes in milk fat percentage. Further examination of the isomeric profile of trans-octadecenoic acid revealed substantial differences among the dietary treatments. Although the addition of unsaturated fat resulted in marked increases in the milk fat content of trans-11-octadecenoic acid, regardless of dietary fiber concentration, the low fiber diet plus unsaturated fat increased the content of trans-10-octadecenoic acid. This combination was also associated with a significant decrease in milk fat content and yield. When the low fiber diets were fed, circulating insulin concentrations were elevated, regardless of the type of fat supplement. However, marked milk fat depression occurred only when the low fiber diet was supplemented with unsaturated fat. ( Key words: trans-octadecenoic acids, insulin, milk fat depression, fat synthesis) Abbreviation key: HF = high fiber, LF = low fiber, MFD = milk fat depression, SFA = saturated fatty acids, UFA = unsaturated fatty acids.
INTRODUCTION
The NRC report Designing Foods ( 2 8 ) emphasized the need for research on the improvement of both the nutritional value and the labeling of foods. Today, both of these policy recommendations have been followed, and consumers are much more aware of nutrition, particularly dietary fat. This awareness is clearly indicated by the shift toward increased consumption of lowfat products in the fluid milk market. Changes in government policy have also had an impact on the milk market, and the rapid decrease in butter support price since 1988 has decreased the value of milk fat by more than 50% (15) .
When high concentrate diets are fed, the rate of milk fat synthesis can decrease by 50% or more (12, 43, 48) . In addition, several other dietary manipulations, including dietary fats that are active in the rumen, forages with small particle size, lush pasture, and ionophores, result in varying degrees in decreased milk fat yield (48) . The actual mechanisms involved in milk fat depression ( MFD) have not been fully elucidated, but several theories have been proposed. Most of these theories involve changes in rumen fermentation or metabolism, which are postulated to result in a shortage of lipid precursors at the mammary gland (1, 12, 43, 47) .
One possible mechanism of MFD involves the production of metabolites in the rumen that directly inhibit mammary synthesis of milk fat. Direct inhibi-tion of milk fat synthesis by partially hydrogenated fatty acids (specifically trans-octadecenoic acids) was first proposed more than two decades ago (12, 31) . Trans-octadecenoic acids are produced by rumen microbes as intermediates in the biohydrogenation of unsaturated fatty acids. Trans-11-octadecenoic acid is a major intermediate in the formation of stearic acid from linoleic and linolenic acids (20) . The objective of the present study was to examine the hypothesis that two conditions are required for the production of trans-octadecenoic acid and subsequent MFD: the presence of rumen substrate in the form of dietary unsaturated fatty acids ( UFA) and an altered rumen environment, which leads to incomplete biohydrogenation.
MATERIALS AND METHODS
All procedures involving cows were approved by the Cornell University Institutional Animal Care and Use Committee. Four multiparous rumen-fistulated cows averaging 162 ± 19 DIM ( X ± SEM) were used in a 2 × 2 factorial arrangement of treatments applied to a 4 × 4 Latin square design. Treatments included forage to concentrate ratios of either 50:50 (high fiber; HF) or 20:80 (low fiber; LF) to alter the rumen environment. Treatments also included the addition of either corn oil as a source of UFA or a dry fat product (Energy Booster 100 ® ; Milk Specialties Co., Dundee, IL), which consisted of mostly (85%) saturated fatty acids ( SFA) . The forage source was chopped alfalfa hay, and all other dietary ingredients were chosen among those with the lowest fat content. The grain source was a commercial degermed yellow corn product (J. R. Short Milling Co., Kankakee, IL) with a low fat content (0.7% crude fat) and a specified particle size range (65 to 85% of particles were >1.7 mm; 15 to 35% of particles were >2.36 mm). Solventextracted soybean meal had 2.7% crude fat based on chemical analysis (Northeast Forage Testing Laboratory, Ithaca, NY). The calculated lipid content of the basal diet without added fat was 1.7 and 1.1% for HF and LF diets, respectively.
The study was conducted in the Large Animal Research and Teaching Unit, and cows were fed a total mixed diet (HF + SFA) for ad libitum intake for 1 wk after they were brought to this unit. Cows were then restricted (individual cow basis) to that level of maximum energy intake each time the LF diets were fed during the following 2-wk experimental periods. This strategy was chosen to minimize potential rumen upsets caused by excess consumption of the LF diet. Cows receiving the HF diet were allowed ad libitum consumption.
The first two cows that were randomly assigned to the LF diet were gradually adapted to the diet during a 10-d adjustment period. After the initial period, all dietary changes were made abruptly (i.e., overnight). This change was facilitated by the transfer of 6 to 8 L of rumen fluid from a cow that was consuming the LF diet to a cow that was starting a period on the LF diet. The LF diet was offered for the first time the night before the inoculation of rumen fluid to allow the lactic acid fermentation to begin before the addition of rumen fluid from an adapted cow. In addition, cows fed the LF diet were given fresh feed four times per day during the first 3 d to facilitate adaptation in the rumen. The strategy was successful, and cows fed the LF diets had minimal digestive disturbances.
Cows were milked at 0700 and 1900 h. Data on yield and composition of milk were collected during the last 4 d of each period. Milk samples were taken at each milking. One aliquot was stored at 4°C with a preservative (bronopol tablet; D&F Control System, Inc., San Ramon, CA) until analyzed for fat and protein content by infrared analysis (New York DHI, Ithaca, NY). An additional aliquot of milk was frozen daily and stored at -80°C until analyzed for fatty acids.
For fatty acid analysis, milk samples were pooled to form one composite sample per cow per period. Samples were extracted with a mixture of hexane and isopropanol (3:2, vol/vol), combined with methylacetate ( 1 ml/100 mg of lipid), and transesterified to fatty acid methyl esters in hexane using 1 M methanolic sodium methoxide freshly prepared from Fluka 71748 reagent (10) . The turbid preparation was neutralized with oxalic acid and centrifuged; the residues of methanol were removed using CaCl 2 . The analysis of methylesters was performed immediately on a gas chromatograph (Mega Series HRGC 5160; Carlo Erba Strumentazione, Milan, Italy) fitted with a flame ionization detector and equipped with an automatic injector (7673A; Hewlett Packard, Palo Alto, CA), split injection port (75 ml/min), and a 100-m fused silica capillary column (i.d., 0.25 mm) coated with 0.2 mm of CP-Sil 88 phase (Chrompack, Middelburg, The Netherlands). The injector and detector temperatures were 255°C, and the inlet pressure of H 2 carrier gas was 1.85 kg/cm 2 . Each sample was run three times. First, the total fatty acid profile was determined using a temperature gradient program (70 to 240°C). Second, the oven was operated isothermally at 160°C to separate most of the trans-octadecenoic acids. Finally, the isothermal run was repeated by setting the oven temperature at 180°C to separate trans-13/14 (coelute as one peak) from the cis-9 peak. Complete separation of the cis and trans isomers Figure 1 . Chromatographs of milk fat (isothermal run at 160°C ) that illustrate the separation of cis ( c ) and trans ( t ) isomers of octadecenoic acids. The y-axis represents arbitrary response units, and the x-axis represents the retention time from 40 to 52 min. Panel A represents milk fat from a cow fed the low fiber diet plus unsaturated fatty acids, and panel B represents milk fat from the same cow fed the high fiber diet plus unsaturated fatty acids. The asterisk for cis-9 highlights the coelution of trans-13/14 and trans-15 at this peak.
cannot be obtained through a single chromatographic run. However, the column and method used gave a very satisfactory separation of the major isomers of interest ( Figure 1 ).
Fatty acid composition was expressed as a weight percentage of total fatty acids. Weight percentages of specific trans-octadecenoic acids were calculated as a proportion of total C 18:1 area ( trans-4-C 18:1 through trans-16-C 18:1 ) . The response correction factor for each fatty acid methyl ester, which was used to convert peak area percentage to weight percentage, was determined by analyzing butter oil of a known fatty acid composition (CRM 164; Commission of the European Communities, Community Bureau of Reference, Brussels, Belgium). Identification of the individual trans isomers was based on the trans isomer profile in the reference butter oil (CRM 164), published isomeric profiles (27, 49) , and the use of trans-11 as a landmark isomer as suggested by Wolff and Bayard (49) .
Blood samples (100 U of heparin/ml of blood) were obtained at hourly intervals for 12 h on the last day of each period. These samples were obtained via indwelling jugular catheters that had been inserted 24 h earlier. Plasma was harvested by centrifugation and stored at -20°C until analysis. Concentrations of glucose were determined by enzymatic colorimetric analysis using a commercial kit (Sigma Chemical Co., St. Louis, MO), and NEFA were determined by enzymatic colorimetric analysis (Wako Pure Chemical Industries, Osaka, Japan) as described by Sechen et al. (38) . Insulin concentrations were determined by a double-antibody radioimmunoassay as previously described (26) .
Rumen fluid samples (200 ml) were obtained by suction from six locations in the rumen liquid phase and composited nine times over a 12-h interval during the last day of each period. Rumen fluid was strained through four layers of cheesecloth, and pH was determined immediately. Rumen fluid samples were then centrifuged (20,000 × g at 4°C ) for 20 min, and the supernatant was stored at -20°C until analysis. Volatile fatty acids were quantified by the method of Ehrlich et al. ( 1 3 ) using HPLC (Waters Chromatography Division, Millipore Corp., Milford, MA) with a Bio-Rad HPX-87H column (7.8 × 300 mm; Bio-Rad, TABLE 2. Effect of amount of dietary fiber and type of added fat on performance. 1 High fiber (HF) diets had a forage to concentrate ratio of 50:50, and low fiber (LF) diets had a forage to concentrate ratio of 20:80. Fat additions were either corn oil as a source of unsaturated fatty acids (UFA) or a dry fat product (Energy Booster 100 ® ; Milk Specialties Co., Dundee, IL) as a source of saturated fatty acids (SFA).
2 P > 0.1. † P < 0.1.
*P < 0.05. **P < 0.01. ***P < 0.001. Richmond, CA) at 30°C, isocratic elution with 5 mM H 2 SO 4 , and UV detection at 210 nm. Quantification was on the basis of area, and a mixture of acetic, propionic, and butyric acids was included as a calibration standard at the beginning and end of each chromatographic run. Data within cow and within period were averaged for statistical analysis. All cows completed the full Latin square. Data were analyzed by ANOVA, and treatment effects were tested using an F test. Single degree of freedom comparisons were made to evaluate the effects of fiber (LF vs. HF), the type of added fat (UFA vs. SFA), and the interaction of amount of fiber and type of fat.
RESULTS
The composition of the diets is presented in Table  1 . To provide approximately equal amounts of fatty acids that differed in the degree of saturation, two treatments were used: corn oil was added at 4% of the diet (as fed), or a saturated fat product was added at 3.6% of the diet. Feed intakes are presented in Table  2 and were generally comparable across diets, which was consistent with the study design. However, intake of one cow was reduced by one-third during the 2nd wk each time the LF diet was fed, which affected the extent of rumen fermentation and MFD. Nevertheless, data from this cow are included, and the overall daily energy intakes for HF and LF diets averaged 38.1 and 36.2 Mcal of NE L , respectively.
Effects of amount of fiber and type of fat added were significant for milk fat percentage and yield ( Table 2 ). The addition of UFA to the LF diet resulted in the most pronounced depression of milk fat. In this case, milk fat percentage was 30% lower than that of cows fed the HF diet plus SFA. This TABLE 3 . Effect of amount of dietary fiber and type of added fat on rumen VFA and plasma concentrations of insulin and metabolites. 1 High fiber (HF) diets had a forage to concentrate ratio of 50:50, and low fiber (LF) diets had a forage to concentrate ratio of 20:80. Fat additions were either corn oil as a source of unsaturated fatty acids (UFA) or a dry fat product (Energy Booster 100 ® ; Milk Specialties Co., Dundee, IL) as a source of saturated fatty acids (SFA).
2 P > 0.2.
*P < 0.05. **P < 0.01. ***P < 0.001. Figure 2 . Effect of amount of dietary fiber and type of added dietary fat on rumen pH. Cows were fed immediately following sampling at time 0, and measurements were taken over a 12-h interval. Legend: high fiber diet (open symbols), low fiber diet (solid symbols), added saturated fatty acids (squares), and added unsaturated fatty acids (circles).
result suggests a synergism of effects between the amount of fiber and the type of fat. Even with the variation in the response of cows to the LF diets, the interaction term approached significance for both milk fat percentage ( P = 0.09) and milk fat yield ( P = 0.11). Relative to the HF diet plus SFA, the addition of UFA to the HF diet or SFA to the LF diet resulted in a slightly lower ( 6 to 7%) milk fat percentage. Milk and milk protein yields decreased when the LF diets were fed, but yields were not affected by the type of added fat.
Rumen pH decreased significantly when LF diets were fed (Figure 2) , and the pattern of VFA shifted to a higher proportion of propionate ( Table 3 ). The type of added fat did not affect the pH, and the effects on the proportions of VFA were minimal. Circulating concentrations of insulin increased approximately twofold when the LF diets were fed, but concentrations were not affected by the type of fat in the diet. Plasma concentrations of glucose were highest, and those of NEFA were lowest, during the periods when cows were fed the LF diets ( Table 3 ).
The addition of corn oil decreased the content of fatty acids in milk fat that are synthesized de novo (C 4 to C 14 ) as well as palmitic acid; octadecenoic acids, conjugated linoleic acid, and linoleic acid increased (Table 4) . As for octadecenoic acid isomers, cows fed diets containing corn oil yielded milk fat with higher concentrations of total cis isomers ( P < 0.05) and total trans isomers ( P < 0.001). However, the concentrations of total cis and trans isomers of octadecenoic acid were not affected by dietary fiber ( P > 0.20). The addition of corn oil also resulted in changes in the milk fat content of specific cis and trans isomers of octadecenoic acid ( Table 4) . Some of the most pronounced changes occurred in the transoctadecenoic acids, and these isomers are profiled in Figure 3 . The increase in trans-11-octadecenoic was particularly pronounced when corn oil was added to the diets. For the trans isomers, the most pronounced interaction between amount of fiber and type of fat occurred in the trans-10 content of milk fat ( P < 0.05). Increase in the trans-10 isomer of cows fed the LF diets was marked only when UFA were added. TABLE 4 . Effect of amount of dietary fiber and type of added fat on fatty acid composition of milk. 1 High fiber (HF) diets had a forage to concentrate ratio of 50:50, and low fiber (LF) diets had a forage to concentrate ratio of 20:80. Fat additions were either corn oil as a source of unsaturated fatty acids (UFA) or a dry fat product (Energy Booster 100 ® ; Milk Specialties Co., Dundee, IL) as a source of saturated fatty acids (SFA).
2 P > 0.2. 3 Conjugated linoleic acid ( cis-9, trans-11 isomer). † P < 0.10. *P < 0.05. **P < 0.01. ***P < 0.001. The yield of individual fatty acids in milk fat is presented in Table 5 . Consistent with the difference in the composition of dietary fats, the addition of the dry fat product (SFA) increased the milk fat secretion of palmitic acid, and the addition of corn oil (UFA) increased the milk fat secretion of C 18 fatty acids. Comparison with the diets supplemented with corn oil indicated that the MFD that occurred with the LF diet involved a reduction in the yield of both de novo synthesized fatty acids and those originating from the uptake of preformed fatty acids. The yield of de novo fatty acids was reduced by 32% (283 g/d for cows fed the HF diet plus UFA vs. 192 g/d for cows fed the LF diet plus UFA; C 4 to C 14 plus one-half C 16:0 ) , and the yield of preformed fatty acids was reduced by 42% (592 g/d for cows fed the HF diet plus UFA vs. 343 g/d for cows fed the LF diet plus UFA; one-half C 16:0 plus C 18 fatty acids). These values are similar to the overall reduction of 36% in milk fat yield observed for cows fed the LF diet plus UFA compared with that of cows fed the HF diet plus UFA (Table 2) .
DISCUSSION
Theories involving MFD in lactating ruminants can be broadly summarized into two categories: those that attribute MFD to a direct inhibition of mammary gland synthesis of milk fat (12, 14) and those that consider MFD to be a consequence of a shortage in the supply of lipid precursors to the mammary gland (1, 43, 47) . A number of compounds that can be derived from the diet or produced by rumen fermentation or animal metabolism have been suggested as possible effectors that could inhibit milk fat synthesis in the mammary gland. These compounds include partially hydrogenated fatty acids or, more specifically, transoctadecenoic acids, methylmalonic acid, and cyclopropene fatty acids (i.e., sterculic acid) (2, 7, 14, 31) . Direct inhibition of milk fat synthesis by transoctadecenoic acids was first proposed more than two decades ago (12) . Pennington and Davis ( 3 1 ) further speculated that trans-octadecenoic acids, resulting from the partial hydrogenation of UFA in the rumen, Table 4.   TABLE 5 . Effect of amount of dietary fiber and type of added fat on fatty acid yield of milk. 1 High fiber (HF) diets had a forage to concentrate ratio of 50:50, and low fiber (LF) diets had a forage to concentrate ratio of 20:80. Fat additions were either corn oil as a source of unsaturated fatty acids (UFA) or a dry fat product (Energy Booster 100 ® ; Milk Specialties, Co., Dundee, IL) as a source of saturated fatty acids (SFA).
2 P > 0.2. 3 Conjugated linoleic acid ( cis-9, trans-11 isomer). † P < 0.10.
*P < 0.05. **P < 0.01. ***P < 0.001. were involved in MFD when high concentrate diets or polyunsaturated oils were fed. Recently, two elegant studies (16, 50) have demonstrated that transoctadecenoic acids produced in the rumen or infused postruminally were associated with depressed milk fat synthesis.
The hypothesis for the current study was that two conditions are necessary for MFD: the presence of dietary UFA and an altered rumen environment that leads to an incomplete hydrogenation and production of trans-octadecenoic acids. Cows were fed a total mixed diet at two amounts of fiber to alter the rumen environment (forage to concentrate ratios of 50:50 or 20:80). The basal diet was formulated to be low in fat, and the added fat was either corn oil as a source of UFA or a dry fat product, which was mostly SFA. The LF diet contained sufficient amounts of readily fermentable carbohydrates relative to fiber to result in marked changes in rumen fermentation. Total VFA concentrations were not altered when the LF diets were fed, but the molar percentage of propionate increased to well above 25% (Table 3) , a level that has been considered to be associated with a decrease in milk fat content (51) . Although propionate production was not measured in the present study, rumen concentration was increased by over 50% when cows were fed the LF diets (Table 3) . Earlier studies (5, 24) have shown that the rumen concentration of propionate is highly correlated with the rate of production. Rumen pH was lower when cows were fed the LF diets (Figure 2) , which is consistent with the high dietary starch and low dietary NDF content (34, 36) .
Amount of fiber in the diet and type of fat had significant effects on milk fat percentage and yield. Effects were most pronounced when corn oil was added to the LF diet. In this case, milk fat percentage and yield were 30 and 35% lower, respectively, than those of cows fed the HF diet plus SFA (Table 2) . Compared with the other diets, the effects of type of fat and the ratio of forage to concentrate appeared to be more than additive, and, despite variation in the intake responses of the cows, the interaction approached significance for both fat percentage ( P = 0.09) and fat yield ( P = 0.11) ( Table 2) . Thus, results support the hypothesis that both an altered rumen environment and the presence of UFA in the diet are necessary conditions for a substantial decrease in the percentage and yield of milk fat.
To examine the specific role of trans-octadecenoic acids in MFD, we summarized the available data related to milk fat content of trans-octadecenoic acids and MFD (Figure 4) . The relationship between the change in trans-octadecenoic content in milk fat and the change in milk fat percentage remained consistent across dietary comparisons involving 17 studies (3, 4, 9, 16, 21, 22, 23, 30, 31, 33, 35, 39, 40, 41, 42, 44, 50) and comparisons from 27 individual treatments ( Figure 4A ). The relationship is impressive because it exists over substantial changes in transoctadecenoic acid percentages and across a wide range of feeding situations. Diets used in those studies, all of which observed a reduction in milk fat percentage, included LF diets and diets supplemented with partially hydrogenated oils, plant oils, fish oils, or full fat oilseeds. The exclusion of diets with added free oils ( Figure 4B ) improved the R 2 (0.82 vs. 0.54). In the present study, the sum of trans-6-through trans-12-octadecenoic acids was 1.5, 7.0, 1.5, and 7.2% of total fatty acids for cows fed the HF diet plus SFA, the HF diet plus UFA, the LF diet plus SFA, and the LF diet plus UFA, respectively (SEM = 0.44). A significant increase occurred in the milk fat content of trans-octadecenoic acid when UFA were added to the diet ( P < 0.001). However, alterations in rumen fermentation caused by the dietary differences in the amount of fiber had no effect on the amount of transoctadecenoic acids in milk fat, and there was no interaction of type of fat and amount of dietary fiber ( P > 0.2). Thus, the total amount of trans-octadecenoic acids did not correspond to changes in milk fat percentage that we expected.
Based on these results and those in Figure 4 , we postulated that the degree of MFD might vary in relation to proportions of different trans isomers of octadecenoic acid. When we expanded the analysis to examine the isomeric profile of the trans-octadecenoic acid, substantial differences were observed among the dietary treatments (Figure 3) . Although the addition of UFA resulted in marked increases in the content of trans-11-octadecenoic acid in milk fat for cows fed both LF and HF diets, only the LF diet plus UFA resulted in an increased content of trans-10-octadecenoic acid in milk fat and a significant decrease in milk fat percentage. We observed the same close relationship between MFD and an increase in the content of trans-10-octadecenoic acid in milk fat in a study that examined changes in the profile of trans-octadecenoic acids associated with MFD that was induced by a high concentrate, LF diet (17) . Thus, there may be specific trans isomers of octadecenoic acids or related metabolites [e.g., isomers of conjugated linoleic acid (17) ] that are associated more closely with the changes in milk fat synthesis than were observed for the total amount of trans-octadecenoic acid or the amount of the trans-11 isomer, the major isomer produced in the rumen. In particular, the increase in the trans-10 isomer of octadecenoic acid appeared to be a consistent marker of MFD induced by the LF diet, and it will be interesting to extend these measurements to other dietary situations that cause MFD. The milk fat content and yield of conjugated linoleic acid ( cis-9, trans-11 isomer) were significantly increased when corn oil was added to the diet (Tables 4 and 5 ). However, the increase was less pronounced for cows fed the LF diet (significant interaction). The difference in response can be partly explained by the formation of other conjugated linoleic acid isomers in the rumen and their appearance in milk fat when LF diets were fed (data not presented).
Davis and Brown ( 1 2 ) speculated that the physical or chemical nature of the trans-octadecenoic acids in triacylglycerols might affect their uptake or use in milk fat synthesis. However, Bickerstaffe et al. ( 8 ) demonstrated that rates of absorption from the small intestine, transfer into lymph, uptake by the mammary gland, and appearance in milk fat were similar for cis and trans isomers of octadecenoic acid. Mammary extraction of trans-octadecenoic acids from triacylglycerols was found to be similar to the extraction of stearic acid ( C 18:0 ) but higher than the extraction of the respective cis-monoenoic acid (46) . The physical and chemical characteristics of trans-octadecenoic acids, which are monounsaturated but with a melting point similar to that of saturated stearic acid, may be important in the mechanism of milk fat inhibition (19) . Our data raise the possibility that the position of the double bond may be an important determinant of the inhibitory effect. A likely site for the inhibitory effect on milk fat synthesis is diacylglycerol acyltransferase, the putative rate limiting enzyme in triacylglycerol synthesis (25) . However, other important steps, such as de novo fatty acid synthesis, D-9-desaturase activity, and the translocation and secretion of the milk fat, are also potential sites for the inhibition of milk fat synthesis.
Altered rumen fermentation with a decreased ratio of acetate to propionate is characteristic in many feeding situations that result in depressed milk fat (12, 43, 47) . Based on these changes it was initially thought that MFD might be related to a shortage of acetate or bHBA. However, studies have shown that the production of these VFA in the rumen was unaltered (5, 11, 29) and that endogenous acetate production was relatively constant under a variety of circumstances (32) . A shortage of lipogenic precursors for mammary synthesis of milk fat was also the basis of the glucogenic insulin theory of MFD. According to that theory, the circulating insulin that is increased when high concentrate diets are fed was postulated to cause the preferential channeling of lipid precursors to adipose tissue, away from the mammary gland, thereby reducing milk fat synthesis (1, 12, 43, 47) . In the present study, the circulating concentrations of insulin, glucose, and NEFA differed according to the ratios of forage to concentrate in the diet (Table 3) , and the effects were consistent with general observations relative to LF diets, which show a tendency toward MFD in lactating dairy cows (6, 12, 43) . However, these differences were not parallel to changes in milk fat percentage. In particular, we observed elevated insulin concentrations when the LF diet was fed, regardless of the type of fat supplement, but a marked MFD only occurred when the LF diet plus UFA was fed (Table 2 ). Other studies have also resulted in no MFD when circulating insulin concentrations were chronically elevated by insulin injection (37, 45) or by hyperinsulinemic-euglycemic clamp (18, 26) . Together, these data suggest that the enhanced uptake of lipid precursors by adipose tissue during MFD may be a consequence rather than a cause of reduced mammary gland use of lipogenic precursors.
CONCLUSIONS
The overall results from the present study demonstrate that two conditions are necessary for MFD: the presence of rumen substrate in the form of dietary UFA and an altered rumen environment that leads to incomplete biohydrogenation. Our results also support the hypothesis of Davis et al. (12, 31) that transoctadecenoic acids, produced by incomplete biohydrogenation in the rumen, are involved in MFD, which is induced by LF diets. However, rather than being associated with total trans-octadecenoic acids, we showed that MFD might vary according to the proportions of specific trans-octadecenoic isomers or related metabolites. Marked MFD was most clearly associated with an increase in the milk fat content of the trans-10 isomer.
